Introduction {#S0001}
============

The primary objective of an ideal tumor treatment is the delivery of a high dose to the tumor while sparing surrounding healthy tissue. Due to the secondary electrons produced through physical interactions between photons and tissue, radiotherapy provides benefitial conditions to deliver appropriate doses for treating tumors. Moreover, it has been shown that it would be possible to selectively increase the delivered dose to the target of interest during radiation. Owing to the ability of materials with a high atomic number to absorb ionizing radiation, using the high-Z constituent atoms of nanoparticles would result in a physically enhanced therapeutic efficacy of cancer treatment. For the primary energies below about 500 keV which irradiate to the medium loaded with these atoms, the radiation interaction is primarily via the photoelectric effect. Multiple photoelectrons emitted from atoms of these agents passively targeted in the tumor, as well as the secondaries produced along the primary radiation trajectory, are expected to result in dose enhancement. Extensive discussions on physical processes involved in the interactions of photons with high-Z nanoparticles can be found in the literature.[@CIT0001],[@CIT0002] Arising from both the chemical properties and high biocompatibility, gold nanoparticles (GNPs) are the most appropriate candidates among many tested so far.[@CIT0003],[@CIT0004]

Transport of photons through a chosen target and their interactions with GNPs, as well as evaluations of dose enhancement, can be studied by in vitro or in vivo methods or Monte Carlo simulations. Although enhanced radiation therapy using GNPs is experimentally available, researchers working on the parameters governing the degree of dose enhancement are often involved in planning pre-clinical tests. Given that computer simulations using the Monte Carlo method allow satisfying simulation of experimental conditions and provide valuable insights into the scenarios which are difficult to create or measure experimentally, various Monte Carlo codes have been developed. There are a number of Monte Carlo-based published works discussing the potential of using GNPs to enhance the radiation efficacy and studying the effects of size, shape, and concentration of GNPs as well as the energy of irradiated photons on the dose delivered to the tumor.[@CIT0005]--[@CIT0008]

Studies which have focused on examining microscopic scenarios of dose distribution in nanoscale in the vicinity of a single GNP have revealed that the contribution of Auger electrons in the dose dominates in the vicinity of the nanoparticle and falls off rapidly beyond \~200 nm,[@CIT0009] resulting in a statistically insignificant effect on the overall dose enhancement in the cell.[@CIT0010] These studies do not give an insight into the energy deposition patterns in the presence of numerous GNPs, because of the complicated scattering processes which primary and secondary particles are involved in. On the other hand, a number of works have been dedicated to investigating the importance of modeling GNPs in tissue to achieve accurate and reliable dose calculations. They present a comparison between the results corresponding to simulating a uniform mixture of gold and water and those of modeling a medium with a given number of spherical GNPs homogeneously placed in the medium.[@CIT0011]--[@CIT0013] Their results show an overestimation of dose enhancement caused by modeling a gold--water mixture rather than gold nanospheres.

Taking into account the widely documented observation that GNPs have a tendency to heterogenetically disperse in the medium, mostly in the cytoplasm around the nucleus,[@CIT0014],[@CIT0015] in a recently published study[@CIT0016] we investigated the effect of the distribution of nanoparticles in a single cell on nucleus dose enhancement. The results emphasized that an appropriate small-scale model of distribution of GNPs in the cell is is of high importance to accurately estimate the degree of dose enhancement for clinical application. While being interesting, the outcomes are limited to a model consisting of a single cell in micrometer dimensions. Inspired by these results, in the present work, we tried to extend our single cell model to a typical tumor of centimeter dimensions containing millions of cells. The results are expected to answer the question of whether focusing on precise modeling of the distribution of GNPs on the cellular level leads to a significant difference in dose enhancement on a macroscopic scale. This study is planned to investigate the sensitivity of the dose calculated over a tumor of realistic dimensions to the localization of GNPs in tissue. To address this issue, the work is structured as follows. A typical tumor volume filled with cells containing nucleus and cytoplasm is designed. For homogeneous and heterogeneous distribution of gold nanospheres in the tumor volume, the parameters governing the dose enhancement are investigated. The dose enhancement curves in the depth of the phantom are used to study the performance of the irradiated beam in the direction of irradiation.

Materials and methods {#S0002}
=====================

Simulations and particle tracking in the medium were carried out using the Monte Carlo N-Particle eXtended code (MCNPX). Owing to the fact that uncertainty of Monte Carlo results depends on the number of histories, an adequate number of particles were tracked to achieve a given accuracy and reliable results. In order to examine the dose enhancement in the presence of GNPs in the designed geometries, we used dose enhancement factor (DEF) notation, which is defined as the ratio of the dose to the target of interest in the presence of GNPs to that in the absence of these particles. To show the concentration of gold per gram of water, we used the notation of mg~Au~/g~water~. Each GNP was considered to be a sphere of 30, 50, 70 or 100 nm in diameter, and was assumed to be composed of pure gold.

A cubic tumor of 1.2×1.2×1.2 cm^3^ was designed for transporting particles and evaluation of the deposited dose. This tumor is filled with 2.7×10^7^ cells, each modeled as described in our previous study:[@CIT0016] an ellipsoid with the semi-major axis of 18 µm and two equal semi-minor axes of 10 µm with a centrally located sphere of 7 µm radius as the nucleus. The volume delimited between this ellipsoid and the nucleus is named the cytoplasm. Each cell is surrounded by a cube of 40×40×40 µm^3^. Monoenergetic photons of 10--100 keV which are emitted from a point source located at 1.2 cm distance from the center of the tumor irradiate to the cells. In addition to the electron linac-based sources, these energies are also available by using brachytherapy sources such as ^131^Cs, ^103^Pd, and ^125^I. The primary particles were confined to emit in a right circular cone with the equal radius and height of 0.6 cm. As DNA in the nucleus is believed to be the biologically relevant target of radiation, the physical doses due to the irradiation of these photons in either the presence or absence of GNPs were scored in the nucleus of each cell. The data were averaged over all the nuclei located in the tumor.

Two patterns were used to disperse GNPs in cells of the cubic tumor: The homogeneous model, in which the spheres of GNPs are distributed homogeneously in the whole volume of the tumor, except in the nuclei. The uniform distribution of nanoparticles throughout both the cytoplasm and surrounding medium in this model can be considered equivalent to the assumption that all of the tumor volume is sensitive to absorbing GNPs, and accordingly to the ionizing radiation. Alongside the model in which all the target volume is considered as a fully homogeneous gold--water mixture, this model is also one of the most common geometries used for simulation of GNPs.[@CIT0007]The heterogeneous model, in accordance with the observation that GNPs have a tendency to localize in the cytoplasm around the nuclei.

In these models, the nuclei and free spaces between the GNPs are defined as water. Moreover, the water model, which is considered as a fully homogeneous water material, was employed to test the dose enhancement due to the presence of GNPs in the models. The corresponding data were denoted as control. [Figure 1](#F0001){ref-type="fig"} shows a schematic 3-D view of the geometries simulated.Figure 1A schematic 3-D view of the simulated geometries. In the homogeneous model, spherical GNPs are homogeneously distributed in the whole medium. In the heterogeneous model, the spheres of GNPs have uniformly localized in the cytoplasm of each cell (ellipsoidal volumes). In both models, the nuclei (central spheres) are excluded to be filled with GNPs, and the free space between the GNPs is filled with water. Number of cells and dimensions are not to scale.**Abbreviation:** GNPs, gold nanoparticles.

In order to examine the behavior of various quantities in our models, the deviation between the results corresponding to these data was calculated. If the data of the desired quantity for the heterogeneous model are denoted by X~hetro~, and the corresponding value from the homogeneous model is characterized by X~homo~, the deviation is then represented by (X~hetro~/X~homo~)−1.

Results and discussion {#S0003}
======================

[Figure 2](#F0002){ref-type="fig"} reports the energy dependence of the relative values of averaged physical doses deposited in the nuclei of the tumor for the models introduced, as well as those of control (no gold). These values have been calculated considering the reference value of the dose delivered to the water (control) for the primary photons of 10 keV. The values of DEF can be easily obtained by dividing the relative dose for the homogeneous/heterogeneous model of a given energy by its corresponding value in water (control). The results correspond to a typical concentration of 20 mg~Au~/g~water~ of 50 nm GNPs. This figure makes two points explicit: the DEFs are highly dependent on primary energies, and on the model used for localization of GNPs. In the homogeneous model, DEFs do not exceed \~1.72 and drop below unity for energies lower than 20 keV. These results most likely can be interpreted due to self-absorption within the nanoparticles arising from the distance between GNPs and the nuclei of the tumor. For the heterogeneous model, DEFs range between minimum and maximum values of 1.14 (for 10 keV photons) and about 8.8 (for 30 keV photons), respectively. While the figure shows that the DEFs corresponding to both models are highly dependent on the energies of primary photons, and approximately experience peaks and valleys on the same positions, it reveals an obvious difference between the DEFs due to the models simulated. The results suggest that radiotherapy can be enhanced significantly only if the GNPs are in proximity to the biological target, as occurs in realistic conditions. [Table 1](#T0001){ref-type="table"} reports the values of DEF as well as deviation from DEF of the heterogeneous model of those corresponding to the homogeneous model for the ten energies tested, and gives a deeper understanding of these differences. The values highlight the importance of defining the cellular location of GNPs in the target of interest on DEF, especially for energies below 40 keV. Table 1The values of DEF for the homogeneous and heterogeneous models (denoted by DEF~homo~ and DEF~hetro~, respectively). Deviation from DEF~hetro~ of those corresponding to DEF~homo~ for a set of primary photon energies has also been reportedEnergy (keV)DEF~homo~DEF~hetro~Deviation from DEF~hetro~ of DEF~homo~100.9061.1380.256±0.001201.0765.1973.829±0.081301.4258.8415.204±0.247401.7197.1813.178±0.180501.7134.9891.913±0.101601.6283.8501.364±0.067701.4963.1171.083±0.048801.3732.5010.821±0.033901.4463.5691.468±0.0641001.4104.0631.882±0.085[^1] Figure 2Energy dependence of the relative values of averaged physical doses deposited in the nuclei of the tumor for the models introduced (see [Figure 1](#F0001){ref-type="fig"}), and those of the control (no gold). The results correspond to the typical concentration of 20 mg~Au~/g~water~ of 50 nm GNPs, and the dose delivered to the water (control) for primary photons of 10 keV is considered as the reference value.**Abbreviation: **GNPs, gold nanoparticles.

The study has been extended to other gold concentrations. For a given concentration, the DEFs follow the same behavior observed in [Figure 2](#F0002){ref-type="fig"}. However, more interesting results are obtained by comparing the sensitivity of the introduced models to variation of this quantity. For 50 nm GNPs with concentrations of 5, 10, 15, 20, 25, and 30 mg~Au~/g~water~, the results are shown in [Figure 3](#F0003){ref-type="fig"}. These concentrations are equivalent to 6.84×10^12^, 1.36×10^13^, 2.05×10^13^, 2.73×10^13^, 3.42×10^13^, and 4.10×10^13^ number of GNPs in the tumor volume. In both models, the more the concentration of GNPs increases, the more the degree of dose enhancement grows, due to the increment in the number of photon interactions. Furthermore, while there is a linear dependence of DEFs on the number of GNPs, the slopes of these straight lines are energy-dependent. In spite of these similar behaviors, the sensitivity of two models to the number of GNPs is not the same. In the homogeneous model, for the typical energy of 30 keV, deviation from the DEF corresponding to the concentration of 30 mg~Au~/g~water~ of that of 5 mg~Au~/g~water~ reaches about 37.5%. This deviation reaches 263% in the heterogeneous model. The results exhibit that the subcellular location of GNPs strongly governs the sensitivity of dose enhancement over all of the tumor to the number of GNPs targeted in the media. Figure 33-D plot to show the dependency of DEFs on both the concentration of 50 nm GNPs and primary photon energy for (**A**) the homogeneous model, and (**B**) the heterogeneous model. The relative errors, not shown in the plots, are less than 1%.**Abbreviations:** DEF, dose enhancement factor; GNPs, gold nanoparticles.

[Figure 4](#F0004){ref-type="fig"} reports deviation from DEF of the heterogeneous model of those corresponding to the homogeneous model for the ten energies tested, and for six different concentrations. As the figure shows, the more the concentration of GNPs increases, the more the DEFs deviate. This deviation depends on the primary energy of photons. Figure 4Deviation from the values of DEF for the tumor with heterogeneous model of those corresponding to the tumor with homogeneous model for a set of primary photon energies. The results are reported for six different concentrations of GNPs.**Abbreviations:** DEF, dose enhancement factor; GNPs, gold nanoparticles.

To test the influence of GNP size on DEF in our models, four arbitrary sizes of 30, 50, 70 and 100 nm were chosen. These values refer to the diameters of each spherical GNP dispersed in the tumor. By keeping the concentration of GNPs in the homogeneous model constant, it was found that dose enhancement varies as a function of both the GNPs' size and the incident photon energy. For a given energy, the values of DEF increase by increasing the size. For the typical concentration of 20 mg~Au~/g~water~, this increment ranges between about 6.6% and 107% for 20 and 50 keV photons, respectively. More details can be found in [Figure 5A](#F0005){ref-type="fig"}. Unlike the homogeneous model, the values of DEF do not change significantly by size variation in the other introduced model. As [Figure 5B](#F0005){ref-type="fig"} shows, while dose enhancements are energy-dependent, they show a small change, on the order of a few percent, by changing the GNPs' size. For the constant concentration mentioned, these variations range between about 0.44% and 6.6% for 90 keV and 30 keV primary photons, respectively. This effect can be understood as the result of increasing numbers of low-energy electrons trapped inside the GNPs and do not contribute to the dose delivered to the nuclei. It is worth noting that the sizes chosen in this work are only used to assess the effect of this parameter on physical dose enhancement, and are not necessarily beneficial in experimental studies. Other parameters such as performance of the GNPs in delivery to the target, their adsorption and internalization by cells, and intracellular uptake play influential roles on making GNPs more advantageous. Figure 5Size-energy dependence of DEFs evaluated in the nuclei of the tumor for (**A**) homogeneous model, and (**B**) heterogeneous model. The results correspond to the typical concentration of 20 mg~Au~/g~water.~**Abbreviation:** DEF, dose enhancement factor.

The foregoing results present dose enhancement averaged over all the nuclei in the tumor volume. It would also be worth while to study the dependency of DEFs on the depth of the tumor. The depth--DEF curves help to understand the performance of the irradiated beam in the direction of the height of the conceptual cone which encloses the primary photons. To address this issue, the tumor has been divided into twelve layers perpendicular to the source axis. The reported values have been averaged over the values of DEF calculated in the nuclei of all 225×10^4^ cells located in each layer. The results corresponding to the mentioned condition for an arbitrary concentration of 20 mg~Au~/g~water~ of 50 nm GNPs for our two models subjected to the irradiation of various energies are summarized in [Figure 6](#F0006){ref-type="fig"}. According to this figure, the values of DEF in the depth of the phantom for primary energies of about 20 keV drop below unity. This is due to the fact that in these energies, the decrement in the fluence of photons overcomes the local energy deposition due to the generated photoelectrons. Moreover, there is a more interesting point about these curves: as [Figure 6B](#F0006){ref-type="fig"} shows, for energies greater than 30 keV, DEFs are approximately constant with depth, with negligible variations of about 0.3--4%. This can be justified by the mean energy of the secondary electrons in depth; as can be understood from [Figure 2](#F0002){ref-type="fig"}, for primary energies above 30 keV, the DEFs in the heterogeneous model experience a decrement in comparison with their maximum value. On the other hand, while by penetrating in depth of the tumor the mean energy of primary photons remains approximately constant, their number decreases significantly. Nevertheless, the mean energy of the secondary electrons corresponding to the primary photons of E\>30 keV ranges between 30 and 40 keV in depth (see [Figure 7](#F0007){ref-type="fig"}), which results in multiple electron production followed by dose enhancement in each layer. Figure 6The values of DEF versus depth within the layers (each 148 mm^3^) perpendicular to the beam axis for (**A**) homogeneous model, and (**B**) heterogeneous model. The results correspond to the typical concentration of 20 mg~Au~/g~water~ of 50 nm GNPs and seven arbitrary incident photon energies.**Abbreviation:** DEF, dose enhancement factor.Figure 7Mean energy of secondary electrons in depth of the tumor for primary photons of 50, 70, 90 and 100 keV irradiated to the layers (each 148 mm^3^) perpendicular to the beam axis for homogeneous (filled symbols) and homogeneous (open symbols) models. The results correspond to the typical concentration of 20 mg~Au~/g~water~ of 50 nm GNPs.**Abbreviation:** GNPs, gold nanoparticles.

Except for primary photons below 30 keV which irradiated to the homogeneous model, the values of DEF increase by depth ([Figure 6](#F0006){ref-type="fig"}A). For example, the value of DEF averaged over the nuclei of the last layer of the tumor deviates from that of the first layer by about 30% and 11% for 50 and 100 keV photons, respectively. Similar to the case of the heterogeneous model, the mean energy of the secondary electrons ranges between 30 and 40 keV in depth ([Figure 7](#F0007){ref-type="fig"}). The electron cascade produced in depth dominates the decremented number of the primary photons in deep layers and results in DEF enhancement. While the heterogeneous model predicts an approximately constant value of DEF in depth, the homogeneous model estimates an energy-dependent increase. Strictly speaking, this model may result in a misleading conception about uniform dose enhancement in the tumor volume. Moreover, though for the homogeneous model the different primary energies result in approximately similar values of DEF in the first layers, the heterogeneous model behaves in a different way. For example, the values of DEF in the first layer of the homogeneous model range between about 1.3 and 1.7 for primary photons of 100 keV and 50 keV, respectively. This interval extends from 3.24 to 5.55 for the heterogeneous model, which is equivalent to a deviation of about 71.3%, more than 2.3 times that of the homogeneous model. These results emphasize that modeling GNPs embedded uniformly in the medium does not give a precise comprehension of the performance of depth--DEF curves in tissue.

Conclusion {#S0004}
==========

The present work was devoted to investigating the effect of using a proposed model considering the widely documented observation that GNPs have a tendency to heterogenetically localize around the cell nucleus in dose-enhanced radiotherapy. We aimed to address the issue of whether precise modeling of the distribution of GNPs at a cellular level leads to a considerable difference on the dose delivered to a typical phantom at a macroscopic scale, and to clarify the importance of this detailed modeling on the computation of physical dose enhancement in nanoparticle radiation therapy. As the dose in the nucleus is an appropriate predictor of the radiosensitizing effect of GNPs combined with photons' irradiation, the degree of dose enhancement was evaluated through the calculation in the nucleus of each constituent cell of the tumor and averaged over all the nuclei. The results show that the subcellular location of GNPs strongly governs the sensitivity of dose enhancement over all the tumor to various characteristics of GNPs targeted in the media. In conclusion, the prediction of the behavior of macroscopic dose enhancement depends highly on the modeling of nanoparticles, and geometry of localizing them in the medium plays a key role on improving the simulation of dose-enhanced radiotherapy.
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